In this paper we demonstrate passive detection and localization in a noisy shallow water environment using Matched Field Processing (MFP) with data obtained during the Santa Barbara Channel Experiment (SBCX). The use of an Adaptive MFP algorithm provides the ability to detect a submerged source in the presence of strong surface interference and also reduces ambiguity surface sidelobe clutter. observation interval. Target motion can degrade signal gains by introducing, smearing across MFP range cells. For large arrays, such as those deployed during SBCX, motion can also introduce errors due to differential doppler across the array. Since long observation tunes are desirable for increased noise gain and to provide sample support for the adaptive algorithms, motion compensation is required. An approach is described that uses a velocity hypothesis to focus the snapshots prior to covariance estimation. Results show that with compensation, localization accuracy is improved and the full resolution of the array can be realized.
L Introduction
MFP has received much attention in the passive sonar community because it directly incorporates the propagation physics into the signal processing. Successful application of MFP requires accurate environmental knowledge and a suitably accurate propagation model. In the results shown in this paper we use the adiabatic approximation to calculate range dependent propagation using output from the KRAKEN normal mode propagation model [ 11. For an N element sensor, this model can be used to obtain a replica vector n as a function of 'source position 0 = ( r , (9, 
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In (2), x, denotes the Nx 1 data snapshot at the lth time period.
CMFP suffers from high ambiguity sidelobes that can obscure detection and degrade localization accuracy. These shortcomings can be addressed by employing an adaptive MFP (AMFP) algorithm such as minimum variance distortionless response (MVDR) [3] 
where the beamformer weights can be expressed as
In this paper we use AMFP with diagonal loading (white noise gain constraint) and concentrate attention on motion compensation.
IL Santa Barbara Channel Experiment
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The SBCX experiment was conducted in April 1998 in the 100-m to 300-m deep littoral waters ofthe Santa Barbara Channel. One of the passive acoustic sensors deployed during the experiment was a 150-hydrophone volumetric array call the FFP array. This array was comprised of five vertical line arrays (VLAs) each with 30 phones and moored at the vertices of a 200 meter diameter pentagon. The array was instrumented with both active high frequency acoustics pingers and passive tilt sensors for array element localization. The volumetric nature of the array combined with accurate element positions provides a capability for accurate range, depth, and azimuth focusing.
One of the acoustic sources deployed during SBCX was a J15-3 transducer that was towed by a research vessel, the Acoustic Explorer (AX). It was used to generate a comb sequence of 12 tones at approximately 139 dF3 re 1 pPa source level. All the results shown in this paper are fiom the comb sequence recorded on the FFP array during the X2 exercise on April 1 1. The time series data was processed by a non-overlapping 1 sec FFT window with a Hanning weight.
IIL CMFP and AMFP Results Figure I shows the range-depth CMFP surface for a fixed azimuth. The result is tile incoherent average of 13 equally weighted, narrowband MFP surfaces computed using (1) over a 230-340 Hz band. As can be seen in the figure, there is a peakoccurring at the surface at approximately 2 luh in range which is due to the radiated noise of the AX. Although there were tones present at 235,283, and 338 Hz, the average radiated noise of the tow source over the band is weaker than the AX noise and the peak at the tow depth of 30 m is obscured by the sidelobes of the surface ship.
Another prominent feature in the plot is the range varying bathymetry, shown as black shading at the bottom of the plot. The highly variable ocean channel necessitates the use of a range dependent propagation code to generate the replica vectors for accurate localization. The output of the AMFP processor is shown in Fig. 2 . A total of L=75 data snapshots were used to form the sample covariance matrix. As seen from the figure, the peak-due to the three tones of the tow source is clearly visible and can be differentiated from the surface peak. This implies that the depth dimension can be used to filter out surface ship interference and allow detection of weaker sources in the water column, The adaptive processing has also substantially reduced the background, enhancing detectability.
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This point is further illustrated by Fig. 3 . The figure was produced by adaptively processing 24 minutes of data at the 235 Hz tone. The plot shows the maximum AMFP output in the five depth cells between 30-35 m. The strong track seen in the plot is due to the accurate passive range localization of the towed source and is in good agreement with the track from the GPS navigation on the AX, shown as a black line. 
IV. Motion Compensation
In this section we discuss the effects of source motion on the AMFP and suggest methods for motion compensation. The general methodology, shown in Fig. 4 , is to correct each data snapshot according to a velocity hypothesis.
Compensate Data
Velocity hypothesis using transformation Propagation Model As indicated in the figure, the correction entail, using a transformation matrix O,, obtained from a velocity hypothesis, to form a modified snapshot for time t, and then forming the compensated covariance matrix to use in the AMFP calculation in (3).
A. Range Smearing
Degradation due to the movement of a target out of a single MFP range cell is defined as motion loss and can be quantified (for conventional processing) as l = l where 8, is the angle between the replica for the lth target position (at time t,) and a given MFP cell. For a stationary target, the replica does not change over time and ML = 0 dB. An example of the effects of motion loss can be seen in the AMFP surface in Fig. 5 . The surface was processed with a 5 minute observation time, during which the AX moved 750 m in range (1.70 to 2.45 lan). The estimated ML was 4.3 dB The implication of (7) is that the optimum observation time is limited by the motion ofthe target through an MFP cell. However, it is desirable to employ long integration time for increased noise gain and to provide sample support for adaptive algorithms. One solution is to compensate for the target motion by employing a velocity hypothesis to compensate the data snapshots as in (5). The transformation matrix @ I is a diagonal matrix where the jth diagonal element can be written where A$l(j) is the phase difference, observed on thejth phone, between the replica for the source position at time t, and that for a source at the focus position. Likewise, A l c j ) is the ratio of field amplitudes for the jth phone for a replica at time t, and that of the focus position. The sample covariance matrix is then estimated with (6).
This process was employed for the data in Fig. 5 with the velocity hypothesis provided by the GPS navigation system on the AX data and at a focus cell at 1-1. 98 km. The result is shown in Fig. 6 . As seen in the figure, the motion compensation correctly "stacks" the target positions at the focus range providing a single, clearly defined peak. In addition to increased signal gain, the process also provides cancellation of interference that does not have the same motion signature as the target, effectively "de-focusing" it in both range and depth. One open issue with the motion compensation is whether or not this de-focusing of interference will require additional degrees-of-freedom fi-om the adaptive processor to null strong interference sources. 
B. Multi-VLA Motion Processing
The orientation ofthe VLAs in the water column was estimated from the passive tilt sensors, and for the data presented here, the VLAs were tilted by about 15 deg. with respect to the vertical. This provided a small amount of horizontal aperture that can be exploited to provide bearing localization. Fig. 7 shows the range-bearing AMFP surface at 235 Hz for VLA 1. Although a coarse azimuth localization is possible with a single VLA, it is desirable to coherently process multiple VLAs in the FFP array to fully exploit the extended horizontal aperture. However, a complication arises due to the source motion which introduces a differential doppler across the FFP aperture. If the observation time is long enough, this doppler can serve to decorrelate the components of the covariance matrix that represent the correlation between elements on different VLAs.
For example, the results in Fig. 7 were obtained by estimating the covariance matrix with 120 snapshots (2 minutes of data). From the GPS information. the differential range rate between VLAs 4 and 5 during this observation time was approximately 0.275 m/s. This introduces a phase difference of k A r / A t = 0.25 rads between the two VLAs. If the covariance matrix for two arrays (N=60) is estimated via (2), the inter-VLA terms will average to nearly zero. The resulting multi-VLA MFP surface will be approximately the incoherent average of the single VLA surfaces, and will fail to exploit the long baseline of the FFP array for either localization accuracy or coherent array gain. A solution is to employ a transformation matrix in ( 5 ) given by where I is the NxN identity matrix, @ denotes the Kroneker lth product, and 51 is a diagonal matrix whose jth diagonal element is given by
where Wl(j) is the phase difference between the jth VLA and VLA 1 at timet,.
We employed the transformation matrix in (9) by using the GPS information to obtain the appropriate phase differential, and obtained the multi-VLA surface shown in In many cases of interest, the source is moving during the observation interval. This motion can limit the ability to satisfy the sample support requirements and can introduce losses from smearing across range cells. In addition, the motion can introduce errors for large arrays in which the range rate of the source is not constant over the aperture. With appropriate knowledge of the target track (akin to a velocity hypothesis) these effects can be compensated allowing increased averaging times, providing additional signal and noise gains, and giving, increased localization accuracy. 
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